PACS. 02.75.50.Lk -Spin glasses and other random magnets. PACS. 03.75.10.Nr -Spin-glass and other random models. PACS. 04.75.40.Gb -Dynamic properties (dynamic susceptibility, spin waves, spin diffusion, dynamic scaling, etc.).
Introduction. -When cooling a spin glass to its low-temperature phase, the crossing of T g is the starting point of a slow out of equilibrium 'aging' evolution. Aging phenomena are characterized by a non-stationary character of the dynamical response, which depends explicitely on two independent times. The relaxation curve of the dc magnetization depends on the waiting time elapsed before a field variation, or equivalently the ac susceptibility χ(ω) at frequency ω relaxes downwards as the time since the quench (the 'age') elapses [1, 2] .
A natural basis for the interpretation of aging is the idea of a slow domain growth of a spin-glass type 'ordered phase', as was developed in [3, 4] . However, several non-trivial experimental features of aging in spin glasses are hard to interpret within a simple domain growth scenario [5, 6, 7] . After aging at a given temperature T 1 < T g , aging is reinitialized by a further temperature decrease to T 2 < T 1 , as if the system was cooled down directly from high temperature.( 1 ) Simultaneously, the memory of previous aging at T 1 is perfectly retrieved upon heating back from T 2 to T 1 . On the other hand, aging in disordered ferromagnets should be amenable to a simple domain growth description. The differences and similarities between aging in these systems and in spin-glasses should therefore help constructing a consistent picture of aging in the latter, more complex case. This is the motivation of the present work, where we study aging in both the ferromagnetic and spin-glass phases of a so-called 'reentrant' system.
General features of the reentrant system. -The CdCr 2−2x In 2x S 4 chromium thiospinel is, for x = 0, a ferromagnet with T c = 84.5K, having ferromagnetic nearest neighbour interactions and antiferromagnetic next-nearest neighbour interactions. For larger dilutions x of the Cr 3+ ions by the non-magnetic In 3+ ions, the ferromagnetic phase disappears, and a spin-glass phase appears at ∼ 20K [9] . Many results have been obtained on the x = 0.15 spin-glass system [1, 2, 7] . In the intermediate region 0 < x < 0.10, the system presents a ferromagnetic phase, extensively characterized by neutron diffraction measurements [10] , and followed at lower temperature by a reentrant spin glass phase [11] .
Our sample is the CdCr 1.9 In 0.1 S 4 chromium thiospinel (of the same batch as in [10] ), in which a fraction 5% of the Cr 3+ ions has been substituted. Fig.1 shows general magnetic features of this sample. The dc susceptibilities χ F C and χ ZF C have been measured along the usual field-cooled (FC) and zero-field cooled (ZFC) procedures. In the high temperature region, the dc and ac susceptibilities follow a paramagnetic behaviour. At T c = 70.1K, they rise up abruptly, reaching a plateau. The dc value χ F C = 0.35 corresponds approximately to the expected demagnetizing factor level. χ ZF C and χ ′ at low frequency are at about the same level, ∼ 15% below the χ F C value. The out-of-phase component χ ′′ of the ac susceptibility peaks around T c , and remains non-negligible in the ferromagnetic plateau region, indicating magnetic irreversibilities presumably due to disorder (as well evidenced by the FC/ZFC separation). At T g ∼ 10K, χ ′′ shows a strong peak, while χ ′ and χ ZF C decrease with decreasing temperature. In this low-temperature phase, spin glass features coexist with those of a regular ferromagnetic state (non zero magnetisation, Bragg peaks, spin waves [9, 10, 11] ). The ac and dc plateau susceptibilities in the ferromagnetic phase indicate that the system, although disordered, is organized in ferromagnetic domains.
In Fig.2 , we show χ(T ) measurements in the vicinity of the ferromagnetic transition. The curves have been taken upon cooling from the paramagnetic phase down to 65K and heating back, for two different cooling/heating rates. χ ′′ is clearly hysteretic (when heating back it is always lower than during cooling), and sensitive to the rate of temperature change (at a given temperature, χ ′′ is lower for slower rates). This must be contrasted with spin-glasses, where the cooling rate is to a large extent irrelevant (see [7] ), but similar to the behaviour observed in a dipolar glass [12] , where thermally activated domain growth is, as in the present case, the natural scenario. In Fig.2 , both cooling/heating rates yield the same result for the heating curve; also, other measurements show that the low-temperature (below 65K) history is of little influence (although this slow evolution will be crucial to understand the loss of memory reported below). It therefore appears that the most relevant part of the cooling history is determined by the region around T c , where the domain walls are indeed expected to be weakly pinned (see also [12] ). Finally, no significant hysteresis is seen on χ ′ (inset of Fig.2 ), probably because χ ′ , dominated by a volume response of the domains, is much less sensitive than χ ′′ to the domain wall dynamics. decreased the temperature at a rate of 0.1K/min down to 3K, and then heated back to 100K at this same rate. We use the data in the paramagnetic regime (assuming χ ′′ = 0) for checking and correcting slight frequency-dependent phase shifts in the detection setup. The curves with continuous cooling and heating are 'reference curves' (solid lines in Fig.3-4) . In another experiment, we have followed the procedure previously applied to spin glasses [7] . At 6 temperatures T i = 67, 40, 20, 13, 8 and 5K, we have interrupted the cooling, stabilized the temperature and let the system age at constant T i during 9 hours. When reaching 3K, we continuously re-heated up to 100K (the whole measurement lasts about 3 days).
Memory and 'chaos' effects in the spin
At each temperature T i , χ ′′ slowly relaxes downwards with time. In the spin glass temperature region of the sample (Fig.3) . the χ ′′ relaxation is the strongest in absolute as well as relative value (amounting, for 0.04Hz, resp. to 9, 20 and 10% at 5, 8, and 13K). The corresponding χ ′ relaxation, although systematic, remains lower than 1%. At 20K, the χ ′′ relaxation for 0.04Hz is still of 9%, but in the ferromagnetic region (Fig.4) , it is 2 to 4 times weaker than at low temperature (resp. 4 and 5 % at 40 and 67K). Several interesting points appear in Figs. 3 and 4. First the behaviour of χ ′′ when, after a 9h relaxation at T i , cooling is resumed. For all T i choices (but less visible for T i = 40K due to the weakness of the relaxation), χ ′′ merges back (even increasing in some cases) with the (non equilibrium) reference curve, as was already noticed in severall spin glasses [2, 7, 6] , as well as in other systems [13, 14] . Aging processes seem to be reinitialized at a lower temperature, as if the aging evolution at a given temperature was not relevant for the evolution at a lower temperature ('chaos-like' effect, or 'rejuvenation' when the temperature is lowered). However, the most striking feature is seen in the χ ′′ (T ) curve taken upon re-heating steadily from 3K. When reaching each of the relaxation temperatures T i in the spin-glass region (5, 8 and 13K), χ ′′ (T ) departs from the reference curve and traces back a dip which displays the 'memory' of the past relaxation at T i . Again, this 'memory effect' has been evidenced in well characterized spin glasses [2, 5, 7, 6] as well as in other glassy systems [13, 14] . In the ferromagnetic phase (20, 40 and 67K), however, no such memory effect is seen (Fig. 4) , a point which makes an important difference with the spin-glass phase (but see below). These results are in overall agreement with a study of another reentrant system along a different experimental procedure [15] .
Finally, it is interesting to study the frequency dependence of the aging part of χ ′′ . As shown in Fig. 5 , the relaxation curves (both in the ferromagnetic and spin-glass phases) can be rescaled onto a unique curve as a function of the scaling variable ω(t+t 0 ), where t 0 is an off-set time which takes into account the fact that the cooling procedure is not instantaneous. This scaling is equivalent to the (approximate) t/t w scaling for the relaxation of the dc magnetization after a field change, typically seen in other spin-glasses (see the discussion in [2, 4] ).
Discussion: Ferromagnetic domain growth and spin glass aging. -The basic mechanism for aging in an ideal ferromagnet is domain growth: as time elapses, the ferromagnetic order establishes on larger and larger length scales. However, the dilution of Cr by In, as well as various possible structural defects, create a random magnetic environment which drastically slows down the growth of domains [16] . Furthermore, a domain wall in a random pinning potential has many metastable configurations, between which the wall makes thermally activated hops. Actually, the problem of pinned elastic interfaces is similar to that of spin-glasses. The frustration comes from the elastic energy associated to a deformation of the interface, which limits the possible excursions between the favourable pinning sites. Several theoretical arguments [17] suggest that the energy landscape of a pinned domain wall is hierarchical (with small length scale reconformations corresponding to small energy barriers), much as that surmised for spin glasses. In the spin glass phase, the rejuvenation upon cooling and the memory when heating back have been ascribed to a hierarchical organization of the metastable states, which are progressively uncovered as the temperature is decreased [2, 5, 18] (see also [19] ). In brief, when the temperature is reduced, the system remains in a deep well (allowing for the 'memory effect'), while new subwells appear, inducing new aging processes ('chaos-like' effect). For a pinned domain wall, the picture in real space is quite appealing: at a given temperature, long wavelength modes slowly age while short wavelength modes are in equilibrium. When the temperature is reduced, the 'long' wavelength modes are frozen (and correspond to the deep well). The 'short' wavelength modes, on the other hand are non longer in equilibrium (the Boltzman weights of the different 'sub-wells' have changed), and start aging [18, 17] . Furthermore, these reconformation modes are expected to contribute to χ ′′ as a function of ωt [17, 20] , as observed experimentally both in the ferromagnetic and spin-glass phase.
So, if the main contribution to aging is attributed to these reconformation modes, why would the memory effect not be present as well in the ferromagnetic phase ? The point is that, in parallel with these reconformation processes, the average domain size grows with time, through shrinking and coalescence of domains. In other words, there is also a net motion of the domain walls, which cannot preserve memory, since the impurities with which a domain wall interacts necessarily change with time. This domain growth effect is directly visible in the (slight but systematic) overall decrease of χ ′′ between cooling and heating ( Fig.3-4) , and also more distinctly in the hysteresis close to the transition at 70K (Fig.2) . The results shown in Fig.4 are obtained after a long period spent at low temperatures, where it is expected that the position of the domain walls have indeed significantly changed. However, we noticed that domain growth is extremely slow at temperatures significantly lower than the ferromagnetic transition. We have therefore designed another experiment, with the aim of controlling the effect of domain growth after the aging relaxation. After aging 3.5h at T i = 66.6K, the sample is cooled to a temperature T d which remains close to T i , and then re-heated. Fig.6 shows the results. When the temperature excursion is small enough (like T d = 64K), a partial memory of aging is indeed revealed. The effect is weak, but systematic: for lower and lower T d values (60, 50 and 30K), the dip progressively disappears.
We have repeated the experiment for T i = 40K, and T d = 30 and 35K. In the middle of the ferromagnetic plateau, aging effects are indeed very weak, but the same qualitative trend can be distinguished.
At still lower temperatures, one enters the spin glass reentrant phase [21] , where the usual spin-glass phenomenology is observed, in particular the coexistence of 'rejuvenation' and full 'memory'. Comparing with the ferromagnetic situation suggests that the dynamics in spin glasses is dominated by 'wall reconformations' processes and not by domain growth (which would erase the memory, and lead to strong cooling rate dependence) -as if the spin-glass phase was in some sense a labyrinth of 'pinned domain walls', each one performing a random walk between different metastable conformation states (the 'traps' of ref. [18, 17] ).
Within the domain-growth description of spin-glasses [3] , the way to interpret the 'rejuvenation' effect (and the weak cooling rate dependence of the measured quantities) is to invoke the idea of the chaotic evolution of the spin-glass order with temperature [8] . However, as emphasized in [7] , this is difficult to reconcile with the simultaneous memory effect discussed above. Furthermore, such chaos should be absent in the ferromagnetic phase (or indeed only concern the domain wall conformations).
On the other hand, the coexistence of memory and rejuvenation is readily interpreted in a hierarchical phase space picture [5, 18] , which finds in the present case a natural real space interpretation in terms of wall reconformations. The jumps of an elastic surface in a random pinning landscape can be expected to occur at smaller and smaller length scales for lower and lower temperatures, in a hierarchical fashion [17] which is an appealing real space transposition of a hierarchical phase space picture. The experiments are directly sensitive to the motion of these walls, and temperature acts as a microscope which selects a particular 'active' length scale of the reconformation modes -all the smaller scales are equilibrated and contribute to the stationary response, whereas the larger scales are essentially frozen and barely contribute to the aging signal. We believe that the argument presented here is very general and should apply to other systems as well (for example, the dipolar glass system studied in [13] ).
The extrapolation of this idea to spin glasses leads us to a picture of a 'labyrinth' of pinned domain walls between (many ?) equilibrium phases, with little or no overall domain growth. How this picture is compatible with the existence of a growing spin-glass correlation length, reported both numerically and experimentally [23, 22] , is an open issue. Several ideas on the non-trivial (fractal) geometry of the spin-glass domains have been proposed over the years [24, 18, 7, 25] . The present possibility of massive computer simulations will probably allow soon a direct identification of the real space dynamical structures in model spin-glasses.
